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LABORATORY INVESTIGATION
Aluminum alters the compartmentalization of iron in Friend
erythroleukemia cells
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Aluminum alters the compartmentalization of iron in Friend erythro-
leukemia cells. Aluminum (Al) accumulation in renal failure patients can
result in encephalopathy, osteomalacia, and anemia. Since the cellular
mechanisms of Al toxicity are not completely understood we used
cultured Friend erythroleukemia cells (FEC) as a model system of
Al-induced anemia. In this system Al accumulation leads to decreased
cell growth and hemoglobin synthesis despite increased iron (Fe)
uptake by transferrin (TI) endocytosis. In FEC we evaluated the effect
of Al on the cellular and subcellular accumulation of Fe, ferritin
concentration, the uptake of Fe by ferritin, the exit of cellular Fe, and
membrane lipid peroxidation. FEC were grown in media with or
without the addition of Al-Tf and studies were done at 24, 48, 72, and 96
hours after plating. The highest concentration of intracellular Al was
found in mitochondria with lesser amounts in the nucleus, and the least
was in cytosol. The rate of Fe uptake was higher in Al-loaded FEC
without a proportionally increased rate of exit. This resulted in higher
concentrations of Fe in Al-loaded FEC. Subcellular fractionation fol-
lowing the uptake of 59Fe, '251-Tf in Al-loaded FEC showed increased
uptake of 59Fe in the nuclear and mitochondrial compartments with no
increase in the cytosol. Al-loaded FEC showed decreased ferritin
content and decreased uptake of 59Fe by ferritin. Increased membrane
lipid peroxidation occurred in Al-loaded FEC at 96 hours as assessed by
cellular malonyldialdehyde accumulation. These results indicate that Al
disrupts Fe metabolism in FEC by increasing cellular Fe content with
increased compartmentalization of Fe in the mitochondria and nuclei,
decreased ferritin content, and decreased uptake of Fe by ferritin. The
Al-loading of FEC produces an Fe depletion-like state as Tf-associated
Fe uptake increases and ferritin synthesis decreases. The Al-induced
disturbances in Fe metabolism lead to membrane lipid peroxidation and
irreversible damage to the FEC.
Aluminum (Al) accumulation in patients with renal failure can
result in encephalopathy, osteomalacia, and hypochromic mi-
crocytic anemia. The cellular mechanisms of Al toxicity that
lead to these clinical abnormalities are not completely under-
stood. In our previous studies with Friend erythroleukemia
cells (FEC), hepatocytes, and neuroblastoma cells we showed
that cellular uptake of Al occurred by endocytosis of transferrin
(TI) and that cellular accumulation of Ailed to cell toxicity
[1—3]. In these studies we also showed that Al-loaded cells
expressed more Tf receptors and therefore had increased Tf-
associated iron (Fe) uptake. These observations led us to
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postulate that Al alters the normal compartmentalization of Fe
leading to an Fe deficient-like state despite increased Fe uptake.
In the studies in FEC reported here we have extended our
observations to determine the effect of Al on the cellular
compartmentalization of Fe in FEC and the effect of Al-induced
alterations in Fe metabolism on membrane lipid peroxidation.
These studies in FEC show the effect of Al on the cellular and
subcellular accumulation of Fe, on the uptake of Fe by ferritin,
on the cell ferritin concentration, on the exit of Fe from the cell,
and on membrane lipid peroxidation.
Methods
FEC cultures and determination of Fe content
FEC were grown at an initial cell concentration of 1 x io
cells/mi in RPMI 1640 media containing 10% fetal calf serum to
which either 1.5% DMSO (Sigma Chemical Co., St. Louis,
Missouri, USA) or 1.5% DMSO and Tf-Al (0.6 to 1 mole Al per
mole Tf, 30 to 50% Tf saturation) were added as described by us
previously [1]. A1-Tf and 59Fe-Tf (1 to 2 moles Fe per mole Tf,
50 to 100% Tf saturation) was prepared as described by us
previously [1, 2]. Aliquots of cells were harvested at 24, 48, 72,
and 96 hours following initial plating. Cellular Fe was measured
on an atomic absorption spectrophotometer (model 5000)
equipped with an HGA-500 graphite furnace (Perkin-Elmer
Corp., Norwalk, Connecticut, USA). Cells were counted, re-
constituted in a matrix modifier (1.4 glliter MgNO3 and 2 mI/liter
Triton X), and cellular Fe measured using FeCl3 aqueous
standards. All samples were run simultaneously to minimize
interassay variation.
Subcellular Al content of Al-loaded FEC
FEC grown with the addition of Al-Tf were harvested at 24,
48, 72, and 96 hours after plating, washed, sonicated, and
subcellular fractionation accomplished by differential centrifu-
gation using a slight modification of the method as described by
Mahier and Cordes [4]. After sonication the cells were centri-
fuged (Sorvall RC3) at 3000 g for 10 minutes to sediment the
nuclear fraction and the subsequent supernatant centrifuged
(Micro Spin 24S, Sorvall Instruments) at 7000 g for 10 minutes
to pellet the mitochondria. The 7000 g cytosolic fraction in the
supernatant was considered to contain the cytosolic and mem-
brane fractions. To assess the purity of subcellular fractions the
activity of the mitochondrial marker cytochrome C oxidase and
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the cytoplasmic marker lactic dehydrogenase (LDH) was mea-
sured in the various fractions from cells harvested at 24, 48, 72,
and 96 hours [5]. The enrichment was the same for all four days.
For cytochrome C oxidase there was an average 11-fold enrich-
ment in the mitochondrial fraction (N = 5), an average fourfold
enrichment in the nuclear fraction, and no enrichment in the
cytosolic fraction. For LDH there was an average 1.5-fold
enrichment in the cytosolic fraction (N = 5) with no enrichment
in the nuclear and mitochondrial fractions. The enzyme activi-
ties were similar in the subcellular fractions from control and
Al-loaded cells. Each fraction was assayed for Al by atomic
absorption spectrophotometry [1] and for protein using the
bicinchonic acid assay (Pierce, Rockford, Illinois, USA) and
results expressed as tg Al/mg protein.
Effect of Al on the uptake, release and subcellular
distribution of 59Fe by FEC
FEC grown with or without the addition of A1-Tf were
incubated at a concentration of 1 x i07 cells/mi with 1 M
59Fe-Tf in PBG (phosphate-buffered saline with glucose) to a
final volume of 0.5 ml at 37°C. At five minute intervals 100 sl
aliquots of cells were removed from the incubation mixture
washed with ice-cold PBG and 59Fe and 125j radioactivity
measured. To study the release of 59Fe and '251-Tf, the cells
preloaded with 59Fe, '251-Tf for 30 minutes were washed and
resuspended in PBG containing 5 jsM Fe-Tf at 37°C. At five
minute intervals aliquots of this suspension were removed, the
cells washed and the radioactivity in cells and supernatant
assessed. Aliquots of cells incubated with 59Fe, 1251-Tf were
washed with ice-cold PBG, sonicated, and subcellular fraction-
ation accomplished by differential centrifugation using a slight
modification of the method described by Mahler and Cordes [4].
The radioactivity in each subcellular fraction was then as-
sessed.
Effect of Al on ferritin content and on the uptake of 59Fe by
ferritin in FEC
Rabbit anti-mouse ferritin (supplied by Dr. Jeremy Brock)
was conjugated to horseradish peroxidase and linked to beads
as described by Boorsma and Streefkerk [6]. FEC ferritin was
determined by an automated enzyme-linked immunosorbent
assay (ELISA) as described by Carlier, Bout and Capron [7].
Results were expressed as ng!106 cells. Aliquots of cells used to
measure ferritin content were incubated at I x io cells/ml in
PBG containing 1 M 59Fe, 1251-Tf, sonicated and the 59Fe
uptake into ferritin assessed by the addition of rabbit anti-
mouse ferritin coated beads. After incubation for one hour at
37°C the beads were washed extensively and 59Fe radioactivity
determined. From the ferritin content of the cells (molecules!
106 cells) and the rate of 59Fe incorporation into ferritin (mole-
cules of ferritin 59Fe/106 cells/mm) the rate of 59Fe uptake into
ferritin was calculated (molecules of Fe/molecule ferritin/sec-
ond).
Effect of Al on FEC membrane lipid peroxidation
Membrane lipid peroxidation was measured in FEC by the
thiobarbiturate (TBA) reactivity of malonyldialdehyde (MDA)
an end product of fatty acid peroxidation, as described by Jam
[8]. As approximately 1 ml of packed cells were required for the
assay, measurements were made only at 96 hours of culture.
MDA values were determined in nanomoles per milligram of
phospholipid by using the molar extinction coefficient of the
MDA-TBA complex at 532 nm of 1.56 x l0. The packed cell
volume was determined on an Autocrit centrifuge.
Results
Effect of Al on the uptake and release of 59Fe in FEC and on
Fe content
Incubation of FEC with Al-Tf increases 59Fe uptake [1]. This
could possibly result either from normal 59Fe uptake in the
Al-treated cells with decreased loss of internalized 59Fe or from
increased 59Fe uptake with normal loss of 59Fe comparable to
untreated cells. To distinguish these possibilities losses of 59Fe
after a 30 minute incubation with 59Fe, 1251-Tf were examined.
No differences were seen in 59Fe loss between the Al-treated
and non-treated cells. For example, after 24 hours of culture the
percentage of 59Fe released was 15.8 2.1 and 13.9 2.5 for
the Al and non-Al-treated cells, respectively (mean SE of 5
experiments). At subsequent times no differences were seen.
Since the rate of release of 59Fe from Al-loaded and control
FEC was similar at all times after DMSO induction, the
absolute increased rate of 59Fe uptake observed in Al-treated
cells should translate into significantly more accumulation of
cellular Fe in Al-loaded cells. To determine if the cell Fe
3.0
2.5
P<0.001
2.0
1.5
C0
— 1.0
0.5
0.15
0.10
0.05
-
0 24 48 72 96
Time, hours
Fig. 1. FEC Fe content between FEC grown in media without (0) and
with Tf-Al (I) at24, 48, 72, and 96 hours. Results represent means 5E
of five experiments.
.P<0.03
P<0.002
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Fig. 2. Cellular and subcellular '9Fe uptake in FEC grown in media without (stippled bars) and with Tf.Al (solid bars) at 24, 48, 72, and 96 hours.
A. Cell uptake; B. Nuclear compartment; C. Mitochondrial compartment. Results represent means SE of five experiments.
content was indeed increased, the cell Fe content was deter-
mined by atomic absorption spectrophotometry. As seen in
Figure 1, in both Al-loaded and control cells Fe content
increased after DMSO with maximum concentrations occurring
at 24 hours, and at all times the Fe content of Al-loaded cells
was significantly greater than in controls. Both the rate of 59Fe
uptake by cells and cell Fe content peaked at 24 hours and then
decreased thereafter. It is interesting to note that at 72 and 96
hours the Fe content had approached that of cells prior to
induction of differentiation while the rate of 59Fe uptake was
still greater than baseline (Figs. 1 and 2A). Cellular proliferation
in the face of low rates of 59Fe uptake could result in decreased
cell Fe content.
Subcellular Al content of Al-loaded FEC and its effect on the
subcellular Fe distribution
Following Al loading the highest concentration of Al was
achieved in the mitochondrial fraction followed by the nuclear
compartment and the lowest concentration in the cytosol (Table
1). To determine in which cellular compartment of Al-treated
FEC the increased Fe was deposited, the distribution of 59Fe in
the subcellular fractions of FEC was measured in both control
and Al-loaded FEC at 24, 48, 72, and 96 hours after DMSO
induction (Fig. 2). As shown in Figure 2A the 59Fe uptake was
significantly higher in Al-loaded FEC (P < 0.05) similar to our
earlier observations [1]. In Al-loaded FEC subcellular fraction-
ation showed significantly increased 59Fe uptake into the nu-
clear (Fig. 2B) and mitochondrial (Fig. 2C) compartments, but
no increase in 59Fe uptake into the cytosol in comparison to
control FEC at all times after DMSO induction. Mitochondrial
contamination of the nuclear fraction may in part account for
the increased Fe concentration in the nuclear fraction. The
absence of an increase in cytosolic 59Fe despite increased 59Fe
uptake by Al-loaded FEC may have resulted from decreased
ferritin content and Fe entry into ferritin in these cells when
compared to control cells.
Effect of Al on FEC ferritin content
Following DMSO induction the FEC ferritin achieved the
highest concentration in both control and Al-loaded FEC at 24
hours followed by a decline at 48, 72, and 96 hours (Fig. 3).
Since it has been well established that the increased Fe uptake
following DMSO induction of FEC results in increased ferritin
synthesis [9) we expected that Al-induced increased Fe uptake
in FEC would also result in increased ferritin synthesis. Unex-
pectedly, as shown in Figure 3, in Al-loaded FEC the cell
ferritin concentration was significantly lower than controls at all
times after DMSO induction (P < 0.001).
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Time hours 24 48 72 96
Cell Al 1.5 0.2 1.3 0.5 0.3 0.02 0.6 0.1
pg/mg protein
Mitochondrial Al 3.9 0.7a 2.9 0.3a 2.2 0.6k 2.2 0.5a
/.Lg/mg protein
NuclearAl 1.9 01b 1.4 02b 0.7 0•1b 0.7
/.Lg/mg protein
Cytosolic Al 0,6 0.1 0.8 0.5 0.1 0.03 0.4 0.1
pg/mg protein
Effect of Al on 59Fe uptake into ferritin in FEC
While cellular concentration of ferritin was lower in Al-
treated cells, there was still ample ferritin to accumulate the Fe
fluxing into cells. Hence, Fe content per ferritin molecule might
be expected to be greater in Al-loaded FEC. Following DMSO
induction there was increased incorporation of 59Fe into ferritin
in both control and aluminum-loaded cells at 24, 48, 72, and 96
hours (Fig. 4). However, as shown in Figure 4 at all measured
time points significantly less 59Fe was taken up by ferritin in
Al-loaded cells compared to controls (P < 0.05). In contrast to
total cellular Fe and 59Fe uptake into cells, maximum uptake of
Fe into ferritin occurred at 48 hours after which values declined
at 72 and 96 hours.
Aluminum and membrane lipid peroxidation in FEC
We have previously shown that Al accumulation causes
cellular toxicity [1—3]. To determine whether Al per se or by its
disregulation of Fe metabolism causes oxidative damage lipid
peroxidation was examined in Al treated and control FEC. FEC
malonyldialdehyde levels were significantly increased in Al-
loaded FEC (0.317 0.07 nmollmg phospholipid) compared to
controls (0.216 0.07 nmollmg phospholipid) at 96 hours
following DMSO induction (P < 0.03).
Discussion
In our previous studies we have shown that Al-loaded FEC
serve as an excellent model for the Al-associated anemia [1]. Al
accumulation in FEC resulted in decreased cell growth, and
hemoglobin synthesis despite increased Tf-associated Fe up-
take [1]. These observations suggested that Al probably altered
the compartmentalization of Fe leading to a Fe-deficient state.
To elucidate the Al-induced altered Fe compartmentalization
we examined in Al-loaded FEC: the subcellular distribution of
Fe, the cell accumulation of Fe, the cell content of ferritin, the
entry of Fe into ferritin, and the cellular exit of Fe.
Although Al increased the rate of Fe uptake by FEC, as we
had shown previously [1], the rate of Fe exit was similar in
control and Al-loaded FEC. To see whether the rate of Fe
uptake and release into and from FEC measured over 30
minutes translated into actual cellular Fe accumulation, the
daily cell Fe content was measured by atomic absorption
spectrophotometry. These studies showed that both the rate of
Fe uptake and the cell Fe content increased, peaked at 24 hours
and then decreased thereafter. The cell Fe content in Al-loaded
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cells was significantly increased over controls at all times. At 72
and 96 hours the cell Fe content reached baseline values even
though the rate of Fe uptake was not correspondingly de-
creased. The return of cell Fe content to baseline values could
have resulted from proliferation of cells in the face of decreased
rates of Fe uptake.
Subcellular fractionation was done to identify the compart-
ment(s) in which the increased Fe and Al was located. In
Al-loaded FEC both Al and the excess Fe was found in the
mitochondrial and nuclear compartments (Table 1, Fig. 2 B, and
C). The increased Fe and Al content of the nuclear compart-
ment could have resulted from mitochondrial contamination.
Thus, Al could directly affect the accumulation of Fe in nucleus
and mitochondna. The relatively lower ferritin content in
Al-loaded FEC and the decreased uptake of Fe by ferritin could
partly explain the lack of increased Fe in the cytosol of
Al-loaded FEC. Fe trapping in the mitochondrial compartment
could result from the inhibition of mitochondrial heme synthesis
by Al [10, 11]. Although the mechanisms of Fe entry into the
nucleus are currently not known, Haddow and Horning [12],
Ritcher [13] and more recently Smith et al [14], using micro-
scopic and immunocytochemical techniques, have shown intra-
nuclear Fe bound to ferritin after Fe loading of mice.
The effect of Al on FEC ferritin was examined because
ferritin is an important cytosolic protein for Fe storage, supply-
ing Fe at times of Fe need and as a detoxification sink in times
of Fe excess [15]. Increased Fe uptake in FEC is associated
with increased ferritin synthesis [8]. Surprisingly in Al-loaded
FEC despite the increased rate of Fe uptake and increased cell
Fe content there was no associated increase in ferritin content.
Thus, the Al-loaded FEC behaved like an Fe-deficient cell
expressing more Tf receptors, increasing Fe uptake, and de-
creasing ferritin synthesis [16]. On the basis of these findings we
Table 1. Cellular and subcellular Al content in Al-loaded FEC at 24,
48, 72, 96 hours after DMSO induction
All results are mean SEM of S experiments.
a P < 0.01 for mitochondrial Al versus nuclear Al.
bp < 0.01 for nuclear Al versus cytosolic Al.
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Fig. 3. FEC ferritin concentration between FEC grown in media with-
out (0) and media with Tf-Al (•) at 24, 48, 72, and 96 hours. Results
represent means SE of five experiments.
P<0.002
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Fig. 4. Rate of59Fe uptake into ferritin in FEC grown in media without
(0) and with the addition of Tf-Al (•) at 24, 48, 72, and 96 hours.
Results represent means SE of five experiments.
hypothesize that in the Al-loaded FEC, Fe is probably seques-
tered in a compartment that is not sensed by the iron binding
protein (IBP). The IBP sensing that the FEC is Fe deficient
binds to the iron responsive elements (IRE) of the Tf receptor
mRNA and Ft mRNA. This blocks the degradation of the Tf
receptor mRNA and the translation of the ferritin mRNA which
results in the increased synthesis of the Tf receptor and the
decreased synthesis of ferritin. In future studies the effect of Al
on cell Tf receptor mRNA and ferritin mRNA content needs to
be examined.
Although the ferritin content of Al-loaded FEC was de-
creased there was sufficient cellular ferritin to take up the Fe
entering the cytosol. Aluminum decreased the uptake of Fe by
ferritin in FEC. Fleming and Joshi have also shown in vitro
studies that Al impairs the loading of Fe into ferritin [17]. The
mechanisms for this phenomenon are speculative. Aluminum
could interfere with the complex process of Fe entry into
ferritin which involves the oxidation of Fe2 to Fe3 [17]. Since
Al has also been shown to bind to both animal and human
ferritin it could potentially occupy Fe binding sites in ferritin
[16]. Since the molar ratio of Al bound to ferritin is very low
compared to that of Fe to ferritin it is unlikely that Al could
displace Fe from ferritin [17]. Al could also cause conforma-
tional changes in ferritin resulting in impaired oxidation of Fe2
with consequent decreased entry of Fe into the ferritin core.
Lastly, the decreased uptake of Fe by ferritin could result from
its rapid exit from ferritin rather than an impairment in its
uptake. Although Fe release from ferritin was not addressed in
this study, Fleming and Joshi have shown that Al does not
affect the release of Fe from ferritin in vitro [17].
We have shown that Al accumulation causes toxicity in
cultured FEC, hepatocytes, and neuroblastoma cells [1—3].
While the effect may result directly from Al toxicity, the altered
Fe compartmentalization suggests that the excess Fe may
participate in the toxic effects. The relatively lower uptake of
Fe by ferritin further suggests that Fe may generate oxidative
damage. Measurement of FEC malonyldialdehyde content, an
indicator of lipid peroxidation, showed that Al-loaded FEC had
increased oxidative damage. We have also shown Al induced
lipid peroxidation in cultured hepatocytes [2]. Al could magnify
the Fe induced peroxidative injury by impairing enzymes and
scavengers that detoxify oxygen radicals. Al enhanced lipid
peroxidation by Fe has been shown by Guttridge et al in
liposomes and by Fraga et at in brain tissue of chronic Al-
overloaded rats [18, 19]. It is therefore not surprising that in the
presence of Al overload and disrupted Fe metabolism FEC
exhibit increased lipid peroxidation and irreversible cell injury.
In conclusion, Al enters FEC by Tf endocytosis. Al accumu-
lation in FEC then results in relative decreased ferritin content,
decreased Fe entry into ferritin, decreased heme synthesis, and
increased Fe accumulation in mitochondria and nuclei. Based
on these findings we hypothesize that Fe is sequestered in an
inaccessible compartment in FEC causing the IBP to bind to the
IRE of the Tf receptor mRNA and the ferritin mRNA. This
results in increased Tf receptor and decreased ferritin synthesis
leading to increased Fe uptake by the cell but decreased sites of
Fe storage and/or detoxification (femtin). Reactive Fe could
then participate in the production of oxygen free radicals
causing lipid peroxidation and irreversible damage to the FEC.
Aluminum induced disruption of Fe metabolism and lipid per-
oxidation may play a major role in the brain, bone, and
hematopoietic system which are targets of Al toxicity.
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